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calculated for calcium ion relative to
magnesium, barium, sodium, potassium,
and hydrogen ions.
The data in Table 1 indicate that the
dioctylphosphate-collodion electrode has
a favorable response for calcium ion
over magnesium, barium, sodium, and
potassium ions. The calcium selectivity
relative to the alkaline earth ions is
at least as great as that of previous
solid ion-exchange electrodes, and, in
the case of the alkali metal ions, it is
significantly greater. In addition, the
calcium-hydrogen selectivity coefficient
provides a wide range of useful pH
for this electrode. In 10-2M calcium
chloride, the electrode potential is independent of hydrogen ion concentration from pH 3.5 to pH 10. A decrease
in potential is observed above pH 10
and an increase below pH 3.5. The behavior at high pH is attributed to the
formation of CaOH+, to which the
electrode is insensitive, inasmuch as the
solubility product of calcium hydroxide
is not exceeded at pH 10.
The dynamic response of the electrode is very rapid. In solutions containing no interfering cations, potential
equilibrium following a step-functional
change in calcium ion concentration is
attained in a matter of 2 to 3 seconds.
The speed of response is very much
greater than that of previous solid ionexchange electrodes which exhibited
sensitivity for divalent metal ions.

LepidocrociteIron Mineralizationin
KeratoseSponge Granules
Abstract. Reddish-brown granules embedded in the spongin fibers of some
keratose sponges consist of very fine crystallites of poorly organized lepidocrocite,
y FeOOH. This is the first occurrence of crystalline iron mineralization in the
phylum Porifera and the first indication of hard tissue formation among the
Keratosa.

Crystalline iron compounds occur
rarely as biologic precipitate except in
the hydrous iron oxide making up the
ferritin micelle. The most common and
best documented of these occurrences
are from the phylum Mollusca where
radular teeth of certain chitons consist
of magnetite (Fe304) (1) or magnetite
plus lepidocrocite (y FeOOH) (2). In
addition the radular teeth of some
groups of gastropods contain goethite
(a FeOOH) (3). The sequence of iron
mineralization in the magnetite radular
teeth of Cryptochiton stelleri is the result of normal metabolic processes (4).
We report here on the occurrence of
a crystalline iron mineral among Porifera and the first evidence of mineralization among the Keratosa (horny
sponges). In certain species of keratose
sponges the endosome is of a brick or
rust-red color. This coloration varies in
intensity from specimen to specimen
and is caused by minute, strongly lightrefracting particles attached to the fibers
of the sponge skeleton (Fig. 1). The
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quantitative values of iron oxide from
the literature vary between 1.55 percent (9) and 5 to 10 percent (10) of the
ash. Values of 0.01 to 1.51 percent of
the spongin dry weight were also measured (6, 11). By its positive Prussian
blue reaction and a less successful
ferricyanide test (Turnbull blue), Sella
(5) found that ferric oxide is a major
constitutent of the granules. Because of
their irregular shape and distribution he
concluded that they were not organic
formations but foreign mineral grains.
This has since become the accepted
interpretation.
Living specimens of Ircinia fasciculata (Pallas) from an iron rail of
Concrete Ship, a half-submerged wreck
southeast of Bimini, Bahamas, were collected for study. Fibers and filaments
of the animals showed strong development of granules. The specimens were
immediately fixed in 96 percent ethanol
and then transferred to 70 percent
ethanol. Small pieces were fixed for
electron microscopy in 6.25 percent glutaraldehyde at pH 7.2, postfixed in 4
percent osmium tetroxide at pH 7.4,
Table 1. Interplanarspacings (d) and relative intensities (I) of x-ray and electrondiffractiondata from sponge granulescompared with referencelepidocrocite(13). Abbreviations:VB, very broad; D, diffuse; S,
strong; M, medium; W, weak.
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structural with lepidocrocite. The x-ray
patterns of this so-called "pseudoboehmite" also exhibit broadening and displacement of the lines, especially the
020, from 6.11 A to as much as 6.6 to
6.7 A. These variations in spacing and
intensity are considered due to disorder
resulting from variable water content
and foreign ion impurities.
Examination of the granules in the
electron microscope and the line broadening of the x-ray patterns from the
sponge granules indicate a very small
crystallite size for the individual mineral
constituents (Figs. 2 and 3). In addition
to a finely fibrous (< 50 A) organic
matrix, there are platy and lathshaped
crystallites. Although their lengths are
quite variable and difficult to measure,
on the average these crystallites are less
than 30 A thick (Fig. 4). Electrondiffraction data from the granules are
given in Table 1, column 2. Several
weaker lines not observed in the x-ray
Fig. 1 (top). Reddish-brown granules and patterns are measurable. The x-ray
spongin fibers of Spongia graminea. diffuse 020 spacing at 6.85 A was not
Fig. 2 (bottom). Section through mem- determined
principally because of interbrane-bound granule with incipient iron
mineralization. The granule is surrounded ference due to scattering from the primary beam. All spacings are correlatby spongin (Ircinia fasciculata).
able with those of lepidocrocite. As with
the x-ray data, there is some displaceand stored in 70 percent ethanol before
ment of the lines toward smaller Bragg
being dehydrated and then embedded
angles.
in Epon. Ultrathin sections were cut on
Prolonged exposure to an intense
a Porter-Blum MT-2 microtome fitted electron beam causes the ferric iron on
with a diamond knife. Electron micros- the carbon-coated support film in the
copy and electron diffraction were vacuum of the electron microscope to
carried out with a Philips EM-200 at be reduced, changing it to wiistite (FeO).
80 kv. Dark reddish-brown skeletons
However, heating of the sponge granof Spongia graminea Hyatt from the ules in air to 300?C for 2 hours results
Florida Keys and of Spongia officinalis in the formation of a material that is
L. from the Mediterranean (uncataorange-red and ferromagnetic and has
logued specimens, U.S. National Mu- the x-ray and electron-diffraction patseum) were also selected for x-ray and terns of maghemite (y Fe203). This obelectron-diffraction studies.
servation confirms the presence of
Debye-Sherrer x-ray powder diffrac- lepidocrocite in the keratose sponge
tion with the use of manganese-filtered
granules inasmuch as all other hydrated
iron radiation on isolated untreated ferric oxides decompose in air to yield
reddish-brown fibers produced weak hematite (a Fe203).
The monomineralic nature of the
patterns exhibiting significant line
broadening. Concentration of the gran- granules in several species from varied
ules through dissolution of the fibers geographic localities, the growth of the
with 5 percent sodium hypochlorite re- lepidocrocite in a very fine organic
sulted in a somewhat stronger pattern. matrix, and the presence of the granules
Five very broad lines could be detected occurring embedded in the spongin fi(Table 1, column 1). These data com- bers leave little doubt that the iron
pare favorably with the strongest lines mineralization is the result of biological
of lepidocrocite (y FeOOH) (Table 1, processes. The mechanisms involved in
column 3) except for a shift toward iron transport and mineralization tolarger d-spacings of several of the lines, gether with the importance of ecological
influences on the degree of development
particularly the large spacing at 6.85 A.
However, a similar phenomenon report- of this poorly crystalline product are
edly occurs in base-precipitated boeh- not known. This occurrence in the
mite (y A1OOH) (12) which is iso- sponges adds another group to those
11 OCTOBER 1968

Fig. 3 (top). Enlargement showing lepidocrocite in close association with the very
fine fibers of the organic matrix.
Fig. 4
(bottom). Thin crystallites of y, FeOOH
in section through unfixed, unstained granule of Spongia officinalis.
marine invertebrates known to be capable of iron mineralization. Such organisms may contribute small quantities
of iron oxides and their diagenetic alteration products to the adjacent sediment.
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